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Abstract—This research work presents the results of a 
comparative study conducted to compare the coatings 
properties of WC-10Co-4Cr coats produced by two different 
Oxy-fuel coating process; high velocity oxy-gas fuel (HVOF) 
and high velocity oxy-liquid fuel (HVOLF) thermal spraying 
techniques. The coats were deposited directly on low carbon 
steel substrate without bonding coats. Scanning electron 
microscopy (SEM) was performed to study microstructural 
analysis and to quantify the porosity and cross-sectional coat 
thickness. Furthermore, the mechanical properties of both 
coating processes were defined in terms of bond strength and 
micro hardness. The results show that the liquid fuel sprayed 
coatings (HVOLF) produced higher adhesion strength coats (~ 
73 MPa) compared to (~ 68 MPa) for HVOF. Similar results 
observed for micro-hardness of 1255 VHN and 1032 VHN, 
respectively. The surface roughness and porosity were less for 
HVOLF 4.32µm/0.85% compared to HVOF results of 
5.26µm/1.29% porosity. This superior result in coats 
properties of HVOLF compared to HVOF was attributed due 
to less decarburization in HVOLF and hence less production 
of hard secondary phases of W2C. 
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I.  INTRODUCTION  
Engineering components in service under sever operational 
conditions i.e. erosive, corrosive and wear requires continuous 
maintenance using coated alloy materials  [1,2].  
Thermal spraying techniques such as HVOF and HVOLF 
can be utilized to produce a variety of wear/erosion resistance 
coatings onto a wide range of substrate material with numerous 
possibility of coating powders [3]. Semi-molten material state 
is deposited onto the substrate through the acceleration of 
powder particles to high velocity through the coating nozzle 
while physical interlocking occurred at substrate surface and 
splat deformation occurred due to high kinetic energy hence the 
process produces dense coat with superior wear and corrosion 
resistance [3–7].  
Ceremet coating of WC-CoCr composed of hard WC phase 
and relatively softer Co and Cr have been developed and 
studied extensively by many researchers [8] and resulted in 
dense, good toughness and high corrosive resistance coatings 
[9,10].  
In this paper, the effect of fuel type either gaseous 
(propane) in HVOF compared to liquids aviation turbine fuel 
(ATF) in HVOLF is studied on the produced coats in terms of 
hardness, adhesion strength, porosity, thickness and 
microstructure.  
II. METHODOLOGY 
Commercial feedstock powder of WC-10Co-4Cr was 
sprayed by two techniques HVOF and HVOLF, Fig.1 shows 
the SEM micrograph of feedstock powder. As shown in the 
figure the shape and morphology of the powder particles are 
not uniformed for the WC-10Co-4Cr powder. 
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Figure 1. SEM micrograph of WC-10Co-4Cr feedstock 
powder 
 
The grain size of the powder was measured as 15-45µm of 
agglomerated grains. Round specimen of 30 mm diameter and 
10 mm high were prepared by blasting with alumina powder 
(Al2O3) and air blown for cleaning. The HVOF and HVOLF 
spraying process was carried out at the laboratories of 
Metallizing Equipment Company Pvt. Ltd. a Nobal accredited 
laboratory (CERT. No. T-3514). Adhesion test was carried out 
at universal testing machine UTM Instron USA - Model 5969 
(50 kN Capacity) according to ASTM C-633:2013 standards. A 
Shimadzu HVM-G Vickers micro-hardness tester was used to 
measure micro hardness according to ASTM E384-2011 where 
five measurements are taken for each sample with test force of 
HV0.3 and 8 seconds dwell time. Carl-Ziess (UK) scanning 
electron microscopy (SEM) model EVO-18 was utilized to 
measure porosity as per ASTM E-2109:2007 standards cross 
sectional thickness as per EN ISO 1463:2003 standards, and for 
microstructural analysis.   
 
III. RESULTS AND DISCUSSION 
A. Microstructural and surface analysis 
The microstructure of the coatings were examined using the 
SEM, and the micrographs of the WC-10Co-4Cr HVOF and 
HVOLF are shown in Fig.2 a & b, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. SEM micrograph for WC-10Co-4Cr (a) HVOF 
and (b) HVOLF sprayed coating 
 
It can be seen that the coatings produced by both processes 
HVOF and HVOLF resulted in a homogenous coats.  The 
microstructural analysis showed that HVOF coating contained 
higher percentage porosity of 1.29% at a total magnification of 
200X compared to 0.85% for HVOLF coating under same total 
magnification.  
Furthermore, the produced coating thickness were higher 
for HVOLF coatings compared to HVOF under same spraying 
conditions for both processes. The Fig. 3 below shows the 
average coating thickness measured on a diagonal of the cross 
section for both samples.  
 
The surface roughness of the as sprayed coatings (Ra) were 
lower for HVOLF compared to HVOF, which indicates 
smoother surface finish produced by HVOLF, Fig. 4 shows the 
average surface finish for both processes in the as sprayed 
condition.  
 
 
 
 
 
 
Figure 3. Average coat thickness measured on the cross 
section for HVOF and HVOLF 
 
 
b 
a 
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Figure 4. Average surface roughness measured for HVOF 
and HVOLF 
 
B. Microhardness measurments 
 
The average microhardness value for the HVOF was 1032 
VHN and a higher average hardness value of 1255 VHN was 
obtained for the HVOLF process. The coatings in both 
processes showed a uniform hardness profile by the five 
hardness measurements taken at different locations at the 
coatings through the entire thickness of the coatings confirming 
the homogeneity of the produced coatings.  
 
Table 1. Microhardness measurements at coatings 
produced by HVOF and HVOLF 
 
 1 2 3 4 5 
HVOF 955 1026 989 1087 1102 
HVOLF 1286 1324 1166 1206 1292 
 
The higher coating density in HVOLF using the liquid fuel 
can explain this increase in microhardness.  
 
C. Adhesion strength 
 
The strength tests were performed in order to compare the 
bondability and adhesion of the coatings to substrate. In both 
HVOF and HVOLF a failure in glue were observed, Fig. 5 
shows the bond strength results of both coatings in MPa. 
 
In thermal spray, processing of WC a decarburization 
occurs during the spraying producing reaction products W2C, 
W and C. It was reported by Saha et al. that W and C may 
dissolve in the Co matrix and promote the formation of 
amorphous Co matrix [11]. In the current research work, it is 
expected that less decarburization occurred in case of HVOLF. 
Less formation of hard phases W2C may explain the higher 
bond strength of HVOLF compared to HVOF as W2C may 
work as a stress raiser within the coating matrix and resulted in 
coat failure.  
 
 
 
Figure 5. Average bond strength for HVOF and HVOLF 
 
  
IV. CONCLUSIONS 
 
In this study, two thermal spraying processes of HVOF and 
HVOLF deposited WC-10Co-4Cr successfully. The results 
showed that liquid fuel process (HVOLF) sprayed coatings 
have less porosity (0.85% compared to 1.29% in HVOF), 
higher coating thickness (341µm compared to 288µm), higher 
microhardness of 1255 VHN, and higher bond strength with 73 
MPa in HVOLF compared to 68 MPa in HVOF). 
The increase in the mechanical properties of the coatings 
and therefore the performance was attributed to the formation 
of less hard phases due to less decarburization effect of WC 
and formation of amorphous Co matrix. 
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